Water samples from several ponds in Minnesota were evaluated for their capacity to induce malformations in embryos ofXenopw lacvis. The FETAX assay was used to assess the occurrence of malformations following a 96-br period of exposure to water samples. These studies were conducted following reports of high incidences of malformation in natural populations of frogs in Minnesota wetlands. The purpose of these studies was to determine if a biologically active agent(s) was present in the waters and could be detected using the FETAX assay. Water samples from ponds with high incidences of frog malformations (affected sites), along with water samples from ponds with unafficted frog populations (reference sites), were studied. Initial eperiments dearly showed that water from affected sites induced mortality and malformation in Xcnopw embryos, while water from reference sites had little or no e&ct. Induction of malformation was dose dependent and highly reproducible, both with stored samples and with samples taken at different times throughout the summer. The biological activity of the samples was reduced or eiminated when samples were passed through activated cabon. Limited evidence from these samples indicates that the causal factor(s) is not an infectious organism nor are ion concentrations or metals responsible for the effects observed. Results do indicate that the water matrix has a s ignifican ct on the serity of toxicity. Based on the FETAX results and the occurrence of frog malformations observed in the fidd, these studies suggest that water in the affected sites contains one or more unknown agents that induce developmental abnormalities in Xenopus.
http://ehpnetl.niehs.nih.gov/docs/l 998J106p841-848burkhare/abstrat.html Sporadic occurrences of morphological limb abnormalities in wild populations of several species of amphibians have been reported in the past (1) (2) (3) . Increased incidences of supernumerary hindlimb appendages predominate the historical record, although there are a few cases of missing limbs. In general these occurrences have involved specific sites and species, with the suggestion that in some cases exogenous factors, possibly viral, associated with cohabiting fish species may have contributed to the observed limb abnormalities (4) . The increase in the frequency of malformations reported over the last few years, combined with the more widespread occurrence of ectromelia (missing limbs) and ectrodactyly (missing digits), may, however, be unique in recent environmental history (5) . Identified affected species currently include the northern leopard frog (Rana pipiens), green frog (Rana clamitans), bullfrog (Rana catesbeiana), and mink frog (Rana septentrionalis). Limited evidence suggests that the incidence of malformations among different species at a single site may be related in some way to the relative time each species spends in the aquatic habitat, with increased residence time in the water being associated with increased incidence of malformation (6) .
External abnormalities include supernumerary and ectopic limbs, ectromelia, ectrodactyly, and missing or misplaced eyes. Internal abnormalities are currently being characterized. It is not understood how the apparent increase in abnormalities relates to the overall rate of amphibian dedine or what may be the more far-reaching environmental implications. It is also not dear how the increased attention given to the issue, along with the involvement of press and lay public, may be influencing our estimation of the magnitude of the problem relative to the few existing historical records. However, the geographic range and broad spectrum of abnormalities in natural sentinel species, combined with the pivotal importance of aquatic environments, indicate a need to investigate the phenomenon within a broader context of both ecological and human health (7) .
Several factors with the potential to produce frog deformities have been identified and/or proposed. Various groups have supported theories based on changes in predation, endoparasite infestation and disease factors, ultraviolet (UV) radiation, mineral depletion (e.g., calcium, magnesium), and the ability of natural or manmade chemicals to cause malformation under certain conditions in the laboratory. Mechanical disruption in the form of beads placed in developing limb buds to mimic metacercaria (trematode cysts) has been shown to produce limb abnormalities (8) . The action of microbial infection or naturally occurring toxicants cannot be ruled out, especially given the potential for changing ecosystems to influence niches and acquired pathogenesis. Natural compounds produced by aquatic microbes (or by soil bacteria and runoff) may have the capacity to alter complex patterns of cell growth, differentiation, and apoptosis in water-reared embryos (9) (10) (11) (12) .
The direct action of UV radiation may have a role in anuran population decline and, perhaps, in the induction of developmental abnormalities; however, the data are conflicting (13) . Enhanced UV-B has been shown to increase frog embryo mortality, but there are several mitigating factors such as species sensitivity related to UV damage repair, water penetration of UV radiation, and pigmentation of embryos and larvae, which may have significant effects on dosimetry (14, 15 (18) . Supernumerary and ectopic limbs have been induced by trans-retinoic acid (RA) in both frogs and mammals (19, 20) . Local administration of RA in regenerating limbs of amphibians can lead to pattern duplication, and tadpoles of Uperodon sytoma with amputated tails can generate hindllnbs instead of tails when cultured in water containing retinyl palmitate (21, 22 Boiling and filtration to remove microbial contamination had no effect on the initial results, and no further such treatments were done in subsequent experiments. Figure  1 shows the percent morphological abnormality (Fig. 1A) and mortality ( Fig. 1 B) induced in Xenopus embryos reared in water from affected sites Afl, Af2, and Af3 and reference sites Rla, Rlb, R2, and R3. Because of the high frequencies of abnormalities, dilution ofwater from the Afl, AM2, and Af3 sites with the control FETAX solution was conducted to assess dose-effect relationships. The incidence of lethality and malformation in embryos is dose dependent with dilution of water from affected sites. The water from the Afl site is more toxic in this set of experiments than water from the Af2 or Af3 site. Water from reference sites did not have any effect above the negative controls.
The possibility that biological activity of pond water might vary over the course of the summer was examined by conducting the FETAX assays on samples collected at intervals for one of the sites (Afl) with high incidences of abnormalities. Figure 2 demonstrates morphological abnormality ( Fig. 2A) and mortality (Fig. 2B) embryos could simply be a response to pH and independent of agents in the water. In addition, metabolic activation and detoxification are important components of biological response to chemical agents. The July 19 Afl water sample was combined with a metabolic activation system (MAS) in the form of rat liver microsomes to test for the influence of mammalian biotransformation (29) . Adjustment of the Afl water from 5.6 to neutral and/or the addition of the MAS had little effect on the toxicity of the sample (not shown).
Many types of agents in an aquatic environment bind to sediments and become an important route of exposure for species individually and in the food chain. In the natural aquatic systems examined in Minnesota, the pond water was derived from a mixture of subsurface and surface runoff and precipitation sources. The surrounding watersheds tended to be small, allowing for relatively long hydraulic residence and mixing. Figure 4A compares the teratogenic potential of pond water, groundwater, and the interface water. The groundwater has teratogenic potential similar to the pond water, and both are different from the interface. Figure 4B compares the mortality induced by the same samples. Lethatly associated with groundwater is much lower than the water in the pond and suggests possible environmental transformation to a more active form (e.g., microbial action or UV light) or suggests that the induction of enhanced lethality has its origin in multiple water sources, synergism with factors already present in pond water, or matrix effects. The observed differences in mortality and malformation between pond, ground-, and interface water further emphasizes roles for potentially different causes or modifiers in the lethality and malformation effects.
Several forms of abnormality are scored with the FETAX assay. Figure 5 shows the spectrum of malformations produced in 100% site water from three affected pond water sites (Afl, Af2, Af3) and the spectrum produced by the Afl groundwater sample (Af1/GW). There are marked differences between the water sources with respect to spectrum, suggesting that there may be more than one cause for the observed effects or that the effects of a single causative agent are being modified by the variation in water matrix characteristics associated with the specific sites.
Water matrix and characterization. Normal development of frog embryos can be adversely influenced by depletion of Ca, Mg, Na, and K and by high levels ofmetals such as Zn2+, Cu2+, and Ni2+. Chemical analysis indicated that although affected and reference sites were reasonably similar, some of the sites had very low concentrations of the essential ions contained in the FETAX control solution. One initial concern was that such salt or metal imbalances could cause the positive effects in the FETAX assay, independent of any other agents. Table 2 shows that for the geographically selected affected and reference sites, metals, alkalinity, and conductivity are similar. Ammonia/pH levels were in the range of 0.005/6.7, 0.504/7.3, and 0.397/7.6 for the affected sites Afl, Af2, and Af3, respectively.
Nitrate levels were <0.007 ppm for the same samples. Experiments (Fig. 6 ) using laboratory-synthesized water containing Ca, Mg, Na, and K reduced to levels equal to the Afi pond water, the Afl sediment extract, and the Af2 pond water indicate that the depletion of these ions relative to the control FETAX solution is not sufficient to explain the teratogenic effects associated with the field samples.
Water from three affected sites was also diluted with water from reference sites instead of the FETAX control solution. Figure 7 shows a dramatic change in slope of percent malformation versus percent dilution when compared to dilution with the FETAX control as in Figure 1A . Figure 8 . Mixed-bed ion exchange removes in the range of 50% of the biological activity of water and sediment extract. Both activated carbon and C- 18 remove an additional proportion. 
Discussion
The recent appearance of deformitie some cases mortality, among amph the sites examined here indicates a rec ronmental modification. A precise m the extent of mortality among anura study sites for a direct comparis Xenopus embryos is far beyond the ca this study. It (Fig. 7) compared with dilution using FETAX control solution (Fig. 1A) Extensive investigation of agents and general characteristics of water from affected sites is still under way. The fact that there is concordance between the field data and the FETAX assays for this set of sites provides a useful means to further investigate the phenomenon. The results presented here indicate probable waterborne causal agents and suggests that 1) ionic composition of the water may influence, but is not sufficient to explain, the biological activity, 2) different agents or modifiers are likely to be involved at various sites, and 3) factors that cause Xenopus abnormality are transported in groundwater associated with some sites. It is also possible that the agents in the water of sites that cause teratogenesis and mortality in the FETAX assay may be interacting to increase the sensitivity of natural populations to other factors such as UV or infection (e.g., through immunosuppression) in situ. The possibility that agents with the capacity to disrupt morphogenesis of aquatic species are moving in the groundwater of some areas is an issue of potential importance to both natural populations and humans. As the broader investigation continues to identify agents and characterize biological activity in a number of in vivo and in vitro models, parallel studies can be focused on amphibian species such as Rana pipiens that are indigenous to specific study sites 
